This study examined the feasibility of nanoscale zero-valent iron (nZVI) for the single and combined removal of Cr(VI) and Cd(II) with or without ethylene diamine disuccinic acid (EDDS). The effects of pH and dissolved oxygen (DO) on the removal process were investigated. Results show that the single removal of either Cr(VI) or Cd(II) by nZVI was pH dependent, where the higher Cr(VI) removal was achieved under acidic conditions, whereas the higher Cd(II) removal was achieved under alkaline conditions. The presence of DO enhanced Cd(II) removal but inhibited Cr(VI) removal under alkaline conditions. In the co-existence of Cr(VI) and Cd(II), it was found that Cd(II) exerted insignificant effect on Cr(VI) removal, while the presence of Cr(VI) remarkably enhanced the Cd(II) removal. The addition of EDDS exhibited different influences on Cr(VI) and Cd(II) removal, which were associated with pH and DO. The EDDS enhanced Cr(VI) removal at pH 5.6-9.0 in the absence of DO, but decreased Cr(VI) removal at pH 9.0 in the presence of DO. For the removal of Cd(II) at pH 5.6-7.0, either facilitation or inhibition effect of EDDS was observed, depending on EDDS concentration and the co-existence of Cr(VI). However, Cd(II) removal was always significantly inhibited by EDDS at pH 9.0.
INTRODUCTION
There are many heavy metal ions (e.g., chromium, cadmium, copper, lead, mercury) contained in wastewater that aren't treated strictly before discharge into the environment in some industries like mining, plating, pigments, alloys and so on (Mier et al. ; Repo et al. ; Yan & Lo ) . They can be taken in by bodies and plants and pose a significant threat to human health and ecological systems with persistent existence in natural environment. Thus, efficient measures should be taken to dispose of the hazardous heavy metals properly before discharging into the environment.
There have been many scientific studies and treatment processes employed to remove heavy metals successfully from wastewater, including chemical reduction, ion exchange, precipitation, adsorption, etc. ( or adsorption by nanoscale zero-valent iron (nZVI) is getting more and more popular. nZVI has attracted much attention due to its large surface area, strong reactivity in regard to reduction and adsorption, and no secondary pollution (Shi et al. ; Ruey-Fang et al. ; Dong et al. a) . It has been reported that nZVI has high removal efficiency for various pollutants including organic compounds and heavy metals (Yan et al. ; Arshadi et al. ; Kaifas et al. ) . For instance, nZVI has been widely applied to remove hexavalent chromium Cr(VI), which is a toxic, carcinogenic, mutagenic and teratogenic contaminant to many organisms (Miretzky & Cirelli ; Tang et al. ; Dong et al. a) . The nZVI particles and the dissolved Fe(II) produced from nZVI corrosion could transform carcinogenic Cr(VI) into less toxic insoluble Cr(III). Simultaneously, the nZVI particles and the dissolved Fe(II) released from nZVI are oxidized to Fe(III) (Wu et al. ; Qiu et al. ; Nemecek et al. ) . However, during the reduction process, an outer oxide layer (namely passivation layer) begins to form on the surface of nZVI and inhibits the electron transfer between the inner nZVI particles and contaminants, leading to lower contaminant elimination (Lv et al. ; Dong et al. b) .
To avoid the limitation caused by the gradual surface passivation, the addition of chelant in the nZVI reduction process has been considered (Wu et al. ; Dong et al. c) . Ethylene diamine disuccinic acid (EDDS), a structural isomer of ethylene diamine tetraacetic acid (EDTA), has been more attractive in environmental remediation purposes for its safety and environmental friendliness (Hauser et Dong et al. c) . The previous study by the present authors has investigated the effect of EDDS on the Cr(VI) reduction by nZVI and found that the reduction of Cr(VI) by nZVI increased in the presence of EDDS under both acidic and alkaline conditions (Dong et al. c) . The underlying mechanisms were proposed to be that the EDDS enhanced the corrosion of nZVI under acidic conditions and chelated with the formed Cr(III)/Fe(III) ions during reaction and inhibited their co-precipitation onto the nZVI surface under alkaline conditions.
Meanwhile, some heavy metal ions in wastewater are mainly removed through adsorption, e.g., cadmium (Shin & Rowell ; Perez-Marin et al. ; Byber et al. ) . Cadmium elimination by adsorption has been the primary defense greatly discussed by other workers with the utilization of activated carbon (Rao et al. ) , aluminum oxide (Sen & Sarzali ) , and biological materials (Mansour et al. ). And various types of nZVI particles have also been widely applied to the removal of cadmium in recent years (Boparai et al. ; Zhang et al. ) . The formed iron oxyhydroxides shell on the external surface of nZVI particles, including magnetite, maghemite, goethite, etc., could remove pollutants by adsorption and co-precipitation. Thus, the addition of EDDS, which could influence both the iron corrosion and the iron precipitation under various conditions, might exert different effects on the removal of various heavy metals. When the treated wastewater contains both reducible and absorbable metals, the usability and the dosage of the organic ligands should be reconsidered. Thus, the objectives of this study were to investigate the performance of single and mixed metal removal by nZVI in the absence and presence of EDDS under various conditions. Two heavy metal ions, Cr(VI) and Cd(II), were chosen in this study. The effects of the influential factors, including solution pH, EDDS dosage and dissolved oxygen (DO), were studied and the underlying mechanisms were probed. with deionized water, and then were diluted to the desired concentration. EDDS solution was prepared by dissolving EDDS directly with deionized water. The nZVI particles were synthesized using the borohydride reduction method as described in our previous study (Dong et al. c) . The detailed methodology of synthesis and characterization of nZVI is shown in the supporting information ( Figure S1 , available with the online version of this paper). To avoid the possible interference caused by aging effects, the nZVI particles were always freshly made for usage before experiments.
MATERIALS AND METHODS

Chemical reagents
Batch experiments
Batch tests were carried out in a series of 500 mL conical flasks to examine the single removal or the simultaneous removal of Cd(II) (5 mg/L) and Cr(VI) (10 mg/L) by nZVI (100 mg/L) in the absence and presence of EDDS of different concentrations at initial pH 5.6, 7.0 and 9.0, respectively. The final solutions (200 mL) were placed on a rotary shaker (25 W C, 195 rpm) for a reaction time of 120 min. The initial pH values were adjusted by NaOH or HCl and the final pH values were recorded when the experiments were finished (PHS-3C pH meter). The samples were taken at different time intervals and filtered immediately through 0.22 μm membranes to determine the residual concentration of Cd(II) or/and Cr(VI). The effect of DO on the removal of Cd(II) or/and Cr(VI) at pH 9.0 was evaluated. All the used Cd(II) or/and Cr(VI) solutions were purged with N 2 for 30 min before addition of nZVI for the experiments in the absence of DO. The purged flasks were sealed with ground-glass stoppers immediately after addition of the nZVI suspension.
The concentrations of residual Cd(II) were quantified using flame atomic absorption spectrometry (AAS, PEAA700, USA). The concentrations of residual Cr(VI) were quantified spectrophotometrically using the 1,5-diphenylcarbazide method with a UV-vis spectrophotometer (UV-2550, USA) at wavelength of 540 nm. All experiments were undertaken in duplicate. The removal efficiency of Cd(II) and Cr(VI) was calculated as follows:
where C 0 and C t (mg/L) were the initial and final equilibrium concentrations of Cd(II) and Cr(VI) in solution, respectively.
Characterization of nZVI before and after reaction
The crystals and the elements of nZVI particles before and after reaction with Cr(VI) or Cd(II) w/o EDDS were identified by X-ray diffraction (XRD, Rigaku D/Max 2500) with Cu-Kα radiation at 40 kV/250 mA. Surface charges of the nZVI in the absence and presence of EDDS over the pH range of 4-10 were investigated using a zeta potential analyzer (Zetaplus, LaborScience S.A.).
RESULTS AND DISCUSSION
Cr(VI) reduction by nZVI Figure 1 shows the Cr(VI) removal by nZVI in the absence and presence of EDDS at various initial pH levels (5.6, 7.0 and 9.0). The final pH values are listed in Table S1 (available with the online version of this paper). The results showed that nZVI particles had a much higher Cr(VI) removal at pH 5.6 and 7.0 than pH 9.0 in the absence of EDDS. The lower Cr(VI) removal under alkaline conditions should be ascribed to the rapid precipitation of the mixed Fe(III)/Cr (III) oxyhydroxides on the iron surfaces (Lv et al. ) . It has been reported that the formed passivation layer could cut off electron transfer between nZVI and Cr(VI) ions. Furthermore, the DO in the solution could also possibly compete with Cr(VI) for the consumption of reducing agents (i.e., Fe(0) and Fe(II) in this experiment). The addition of EDDS significantly enhanced the Cr(VI) removal nearly close to complete removal at pH 5.6 and 7.0. The mechanisms for the enhancement caused by the presence of EDDS have been illustrated in the previous study by the present authors (Dong et al. c) . It was proposed that the EDDS could chelate with the formed Cr(III)/ Fe(III) ions during the reaction and inhibit their co-precipitation onto nZVI surface (complexation reactions are shown in Table S2 , available online). It was verified by the XRD analysis of nZVI after reaction with Cr(VI) in the absence and presence of EDDS ( Figure S2 , available online). There is a peak 'm' in Figure S2 (b)-S2(c), confirming the existence of magnetite (Fe 3 O 4 ), maghemite (γ-Fe 2 O 3 ), and Cr 2 FeO 4 after reaction. The spectra showed that the reaction product with EDDS has weaker peaks of 'm' compared with that without EDDS, demonstrating that the EDDS decreased the amount of precipitates on the surface of nZVI. Additionally, the EDDS could significantly increase the kinetics of nZVI corrosion in deionized water, which was evidenced by the significant increase in the concentration of dissolved Fe(II) ions in the presence of EDDS ( Figure S3 , available online). However, the EDDS slightly decreased the Cr(VI) removal at pH 9.0, which is contrary to that at pH 5.6 and 7.0. A number of studies performed with pyrite show that while low molecular organic acids (e.g., citrate, EDTA) enhanced Cr(VI) removal by pyrite under acidic conditions, they led to a decrease in Cr(VI) removal at pH > 8 (Kantar et al. ; Kantar & Bulbul ) . The low Cr(VI) removal under alkaline pH conditions was explained through the binding of organic ligands onto pyrite, which increased surface negativity and thus electrostatic repulsion between CrO 4 2À and negatively charged pyrite surface. In this study, the surface charges of nZVI in the absence and presence of EDDS were examined ( Figure S4 , available online) and the results verified that the presence of EDDS increased the surface negativity of nZVI. Thus, the decreased Cr(VI) removal at pH 9 could possibly be due to the increased electrostatic repulsion between Cr(VI) ions and the negatively charged nZVI surface. Additionally, a previous study found that the EDDS enhanced the reaction between Fe (II) and DO in the solution, resulting in less reducer for Cr (VI) reduction (Dong et al. c) . This was indirectly proved in the experiments with N 2 purge in alkaline solutions, where the results showed that the removal efficiency of Cr(VI) increased with the increase of EDDS concentrations. Besides, it could be seen that the higher the solution pH, the greater the amount of EDDS needed to achieve similar removal efficiency. This could be due to more precipitation and passivation on the surface of nZVI with the increasing pH.
Cd(II) removal by nZVI
Effect of pH on Cd(II) removal
Removal of Cd(II) by nZVI was examined at different initial pH values (pH 5.6, 7.0 and 9.0) and the results are illustrated in Figure 2 . It is obvious that at initial pH value of 9.0, the removal efficiency of Cd(II) was much higher than that at pH 5.6 and 7.0; the values were 69.70%, 13.14% and 21.21%, respectively. The final pH values were 7.82, 6.13 and 6.85 as listed in Table 1 , correspondingly. As shown in Figure 2 , the removal of Cd(II) mostly occurred in the initial 20 min of the reaction and then slightly fluctuated to reach the equilibrium in all experiments, which corresponded with the results in an other study (Zhang et al. ) . Especially at pH 9.0, Cd(II) removal was most rapid in the first 5 min, which indicates that Cd(II) removal by nZVI was faster and more favorable under alkaline conditions (Mathialagan & Viraraghavan ) . The drastic increase in cadmium removal at pH 9.0 was probably due to the precipitation of cadmium ions as insoluble Cd(OH) 2(s) on the surface of nZVI (Leyva-Ramos et al. ; Chandra Srivastava et al. ). The nZVI particles and that after reaction with Cd(II) at pH 9.0 were characterized respectively using XRD, and the results ( Figure S2 ) confirmed the formation of Cd(OH) 2(s) . However, it presented a downward trend in removal efficiency after the reaction time of 20 min. This decline revealed that there was a release of Cd(II) from the particles to the solution again. The slower phase may involve other mechanisms such as hydrolysis or saturation of binding sites, leading to a lower Cd(II) removal efficiency. Besides, the decrease of pH from 9.0 to 7.82 (Table 1) . Surface charges of the nZVI over the pH range of 4-10 were investigated and the pH of the point of zero charge (pH zpc ) was determined to be 7.1 ( Figure S1d) . As a result, nZVI particles carried negative charges at pH value of 9.0. This could contribute to the high Cd(II) removal as the negatively charged nZVI particles had stronger affinity toward the positively charged Cd(II) ions via electrostatic interactions. Besides, Fe(0) was easily oxidized to Fe(II)/Fe(III) and formed Fe(III) oxyhydroxides under alkaline conditions. Cd(II) metal ions could be rapidly removed by the formed iron oxyhydroxides because of their high adsorption affinity for aqueous solutes. In contrast, under acidic and neutral conditions which are below the zero charge point of nZVI, the nZVI particles were positively charged, not suitable for Cd(II) adsorption due to the electrostatic repulsion. Moreover, there was a much greater amount of hydrogen ions, which would compete for the surface reactive sites on nZVI with Cd(II), leading to the lower removal of Cd(II) from the solution. Accordingly, it could be believed that the removal of Cd(II) was mainly caused by the surface adsorption of iron oxyhydroxides at pH 5.6 and 7.0, and by both adsorption and surface precipitation at pH 9.0. Besides, the DO remaining in the solution could react with nZVI and make a contribution to the formation of iron oxyhydroxides, which could be positive for Cd(II) removal, especially under alkaline conditions. Therefore, the effect of DO on Cd(II) removal by nZVI under alkaline conditions was further examined and discussed in later experiments.
Effect of EDDS on Cd(II) removal
As discussed above, there are mainly two mechanisms for Cd(II) removal by nZVI: (1) surface adsorption and co-precipitation by iron oxyhydroxides on the surface of nZVI; and (2) precipitation as insoluble hydroxide Cd(OH) 2(S) . Given the dual effects of EDDS on the nZVI corrosion and the formation of iron oxide precipitates, it could be expected that the EDDS would have a certain influence on the Cd(II) removal by nZVI. Hence, various concentrations of EDDS (0.1-3 mM) were applied in this section to evaluate its effect on the Cd(II) removal by nZVI at different solution pH (Figure 3 (a)-3(c)). From Figure 3 (a) and 3(b), it can be seen that different concentrations of EDDS displayed different impacts on Cd(II) removal by nZVI at pH 5.6 and 7.0. It can be observed that the addition of EDDS from 0.1 mM to 1 mM led to a higher removal efficiency of Cd(II) than that in the absence of EDDS at pH 5.6 and 7.0. The optimum dosage of EDDS was found to be 0.2 mM at pH 5.6 and 0.1 mM at pH 7.0, and further increasing concentration of EDDS led to a decrease in Cd(II) removal. When the EDDS concentration reached 3 mM, it even resulted in a lower Cd(II) removal than that in the absence of EDDS. Thus, different mechanisms were involved in the effect of EDDS of different concentrations on Cd(II) removal. The positive effect on Cd(II) removal observed at lower concentrations of EDDS may be related to the chemical characteristics of EDDS (as shown in Table S2 ). EDDS has four oxygenic functional groups (-COOH), of which the electrostatic attraction on nZVI surface may be one reason affecting the adsorption process (Cui et al. ) . At pH 5.6-7.0, the EDDS with deprotonated functional groups could be adsorbed onto the surface of nZVI, which could possibly result in the higher removal of heavy metal ions by electrostatic attraction with the negatively charged functional groups (Repo et al. ; Sun et al. ; Guo et al. ) . As demonstrated in Figure S4 , the presence of EDDS shifts the surface charge of nZVI from positive to negative of nZVI; therefore, the enhanced Cd(II) removal by nZVI under acidic to neutral pH was probably due to the enhanced electrostatic attraction between nZVI and Cd(II). Moreover, during the nZVI corrosion, hydroxyl ions and Fe(II) were produced, and then formed iron oxyhydroxides like magnetite and goethite. Our previous work (Dong et al. c) has demonstrated that the presence of EDDS could facilitate the corrosion process. It was presumed that more iron oxyhydroxides were generated at lower concentration of EDDS, which enhanced the adsorption and coprecipitation of Cd(II) at pH 5.6 and 7.0.
However, the continuous increase of EDDS addition did not induce much more Cd(II) removal. For example, the Cd(II) removal efficiency dramatically dropped to 4.62% in the presence of 3 mM EDDS at pH 5.6. The tendency at pH 7.0 was similar to that at pH 5.6 with slightly higher removal efficiency. Meanwhile, the addition of EDDS at pH 9.0 just exhibited a pronounced adverse effect on the contaminant removal, regardless of EDDS concentration (Figure 3(c) ). It was obvious that the Cd(II) removal was sharply decreased at 0.1 mM EDDS and the efficiency decreased from 69.70% to 25.39%. Along with the increase of EDDS up to 3 mM EDDS, the removal efficiency was just around 4%. It was expected that more free EDDS molecules existed in the solution with increasing addition of EDDS, which could form soluble complex with Cd(II) ions and Fe(II)/Fe(III) ions (complexation reactions are shown in Table S2 ). Thus, the free EDDS in the solution not only directly inhibited the Cd(II) adsorption and precipitation but also inhibited the formation of iron oxyhydroxides and thus resulted in fewer adsorption sites for Cd(II), especially under alkaline conditions. It was further verified by the XRD analysis of nZVI after reaction with Cd(II) in the absence and presence of EDDS ( Figure S5 , available online). The peaks 'm' and 'n' representing Cd(OH) 2 and Fe 3 O 4 )/γ-Fe 2 O 3 , respectively, shrank in the presence of EDDS compared with that without EDDS. This demonstrated that the EDDS inhibited the formation of precipitates on the surface of nZVI.
Effect of DO on Cd(II) removal
It is well known that the existence of DO could promote the oxidation of nZVI and contribute to the formation of external iron oxide layers, especially under alkaline conditions (Keenan & Sedlak ; Dong et al. c) . It could be speculated that DO, a common factor in ambient conditions, also affected the Cd(II) removal under alkaline conditions. Figure 3(d) shows the Cd(II) removal in the absence and presence of DO at pH 9.0.
In the absence of DO, Cd(II) removal efficiency dramatically dropped off to half of that without N 2 purging at pH 9.0. This indicates that DO played an important role in Cd(II) removal by nZVI at pH 9.0. The high Cd(II) removal in the presence of DO should be ascribed to the formation of more iron oxyhydroxides resulting from nZVI oxidation by DO, providing more adsorption sites for Cd(II) adsorption. However, it was interesting to find that the removal efficiency of Cd(II) in absence of DO was higher than that in the presence of DO at the same EDDS concentration (e.g., the value was 35.66% and 7.21%, respectively, in the absence and presence of DO with addition of 1 mM EDDS). Moreover, the decrease of Cd(II) removal induced by 0.1 mM EDDS in the presence of DO was much greater than that in the absence of DO by 1 mM EDDS. The results reveal that different mechanisms might be involved in the Cd(II) removal in the absence and presence of DO. As shown in Table 1 , the pH dropped significantly from initial pH 9.0 to 7.58 after reaction in the presence of DO at 0.1 mM EDDS. The drastic drop in pH should be ascribed to the rapid oxidation of nZVI by DO and thus the consumption of OH À by forming iron oxyhydroxides. In this situation with low OH À concentration, the EDDS could compete with OH À for complexation with Cd(II). On the contrary, the pH remained at above 9.0 after reaction in the absence of DO at 1 mM EDDS ( Table 1 ), indicating that the OH À remained at high concentrations. As a consequence, the high concentration of OH À could compete with EDDS for reaction with Cd(II), leading to the precipitation of Cd(OH) 2 (Leyva-Ramos et al. ; Chandra Srivastava et al. ). However, with further increase in EDDS concentration from 1 mM to 3 mM, the Cd(II) ions could preferentially complex with the functional groups of EDDS, forming soluble complexes and thus resulting in the decrease in Cd(II) removal (Figure 3(d) ).
Co-removal of Cr(VI) and Cd(II) by nZVI
Effect of pH on the co-removal of Cr(VI) and Cd(II)
Batch experiments were carried out to investigate the effects of initial pH on the removal of metal ions by nZVI in binary solution containing Cr(VI) and Cd(II) (Figures 4 and 5) . The final pH values are listed in Table S3 . Figure 4 (a)-4(c) shows that even at pH 5.6, the Cd(II) removal efficiency increased by 22% with no addition of EDDS in the co-existence of Cr(VI) and Cd(II) compared with that in the single Cd(II) system. The Cd(II) removal at pH 7.0 was 55.69%, which was 2.6 times that in the single Cd(II) system (21.21%), while under alkaline condition, the Cd(II) removal efficiency did not show a significant rise compared with the single metal system. In contrast, the plots of Cr(VI) removal efficiency in nZVI/Cr(VI)/Cd(II) system were slightly different from those in nZVI/Cr(VI) system, as demonstrated in Figure 5 (a)-5(c). This indicates that the existence of Cd(II) had a negligible influence on Cr(VI) reduction in binary solution. Cr(VI) removal depends on electron transfer between nZVI and Cr(VI), and there was no competition between Cr(VI) and Cd(II) removal by nZVI. Oppositely, the rapid oxidation of nZVI by Cr(VI), especially under acidic and neutral conditions, generated the Cr(III)/Fe(III) oxyhydroxides, which could facilitate the removal of Cd(II) by adsorption and co-precipitation. However, the influence of Cr(VI) on Cd(II) removal under alkaline condition was insignificant. This could be due to the presence of DO, which could also contribute to the rapid oxidation of nZVI and thus the removal of Cd(II).
Effect of EDDS on the co-removal of Cr(VI) and Cd(II)
The effect of EDDS on the co-removal of Cr(VI) and Cd(II) by nZVI was examined at different pH values (Figures 4  and 5) . Figure 4(a)-4(c) display that the addition of EDDS in nZVI/Cr(VI)/Cd(II) system exerted a detrimental effect on Cd(II) removal. At pH 5.6, the removal efficiency of Cd (II) decreased from 35.80% to 28.50% with only 0.1 mM EDDS. The decline was more obvious at pH 7.0, where the Cd(II) removal efficiency was just half of that in the absence of EDDS. It was interesting to find that the results were contradictory to that observed in the single Cd(II) removal, where the presence of 0.1 mM EDDS enhanced the Cd(II) removal. It was proposed that the adsorption of EDDS on the surface of nZVI at pH 5.6-7.0 could facilitate the adsorption of Cd(II) ions via complexation; nevertheless, in the co-existence of Cr(VI) and Cd(II), the generated Cr(III)/Fe(III) ions could possibly compete with Cd(II) for complexation, thus decreasing the Cd(II) adsorption. The removal of Cd(II) was negligible throughout the pH range of 5.6-9.0 in the presence of 3 mM EDDS. This could be due to the formation of soluble EDDS-Metal complexes, which depressed the co-precipitation and adsorption of Cd(II) as discussed in the previous part. Figure 5 (a)-5(c) show the effect of EDDS on Cr(VI) reduction in nZVI/Cr(VI)/Cd(II) system. At pH 5.6-7.0, the presence of 0.1 mM EDDS had negligible effect on Cr(VI) reduction, but the presence of 3 mM EDDS significantly increased the Cr(VI) reduction. However, the EDDS did not exert any effect on the Cr(VI) removal at pH 9.0. The results are consistent with the findings in the nZVI/Cr(VI) system (Figure 1) , and the underlying mechanisms should be the same as discussed in the previous part. The results also indicate that the presence of Cd(II) had no influence on the Cr(VI) reduction either in the absence or in the presence of EDDS in the binary solution.
Effect of DO on the co-removal of Cr(VI) and Cd(II)
Given the obvious effect of DO on the single removal of Cd(II) or Cr(VI) under alkaline conditions, the effect of DO on the simultaneous removal of Cd(II) and Cr(VI) by nZVI at pH 9.0 was also examined. As seen in Figure 4 (c), Cd(II) removal in the system without EDDS is better without DO than with DO. Cd(II) was nearly 100% removed from binary solutions containing Cr(VI) in the absence of DO. It was interesting to find that the result is different from those shown in Figure 3 (c) and 3(d) for Cd(II) only system. Figure 5(c) shows that the Cr(VI) removal was also enhanced by ∼10% in the absence of DO. The formation of more Cr(III)/Fe(III) oxyhydroxides should be beneficial for the Cd(II) removal via adsorption and co-precipitation in the absence of DO. On the contrary, in the Cd(II) only system, DO played an important role in nZVI oxidation; the formed iron oxides could act as adsorbents for Cd(II) adsorption. However, the Cd(II) removal showed a similar trend to that in the single Cd(II) system after the addition of EDDS, where the removal efficiency significantly dropped to 2% (Figure 4(c) ), while the presence of EDDS further enhanced the Cr(VI) reduction in the absence of DO ( Figure 5(c) ). The underlying mechanisms should be the same as discussed previously.
CONCLUSION
This study investigated the single and combined removal of Cr(VI) and Cd(II) by nZVI in the absence or presence of EDDS. Cr(VI) removal was achieved by nZVI reduction to Cr(III), and the higher Cr(VI) removal was observed under acidic conditions. Cd(II) removal mainly derived from two ways: (1) surface adsorption and co-precipitation by iron oxyhydroxides on the surface of nZVI; and (2) precipitation as insoluble hydroxide Cd(OH) 2(S) . The higher Cd(II) removal was observed under alkaline conditions. In the co-removal of Cr(VI) and Cd(II), it was found that the presence of Cd(II) had negligible effect on Cr(VI) removal, while the co-existence of Cr(VI) significantly enhanced the Cd(II) removal. The addition of EDDS had different impacts on Cr(VI) and Cd(II) removal, and the impacts were dependent on solution pH and DO. Generally, the presence of EDDS enhanced the Cr(VI) removal under both acidic and alkaline conditions in the absence of DO, while it decreased the Cr(VI) removal under alkaline conditions in the presence of DO. Under acidic and neutral conditions, small amounts of EDDS (0.1-1 mM) enhanced the Cd(II) removal, while the existence of 3 mM EDDS decreased the Cd(II) removal. Nevertheless, only inhibiting effect of EDDS was displayed under alkaline condition, regardless of the concentration. Besides, it was found that the inhibiting effect of EDDS on Cd(II) removal was less significant in the absence of DO but much more significant in the co-existence of Cr(VI). The results reveal that it is feasible to employ nZVI for the co-removal of Cr(VI) and Cd(II). However, the addition of EDDS should be reconsidered in regard to the Cd(II) removal, although the presence of EDDS could facilitate the Cr(VI) reduction. Besides, the removal of Cr(III) might be problematic due to the formation of Cr(III)/EDDS complexes; nevertheless, this could be easily addressed by subsequent processing (e.g., elevation of water pH) during the wastewater treatment.
